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Objectives: The aim of this study is to compare the use of biotin-streptavidin and gold nanoparticle (GNP) technologies in enzyme linked immunosorbent assay (ELISA) techniques to improve its sensitivity and accuracy.
Methods: We evaluated two ELISA methods to improve the sensitivity and accuracy. Biotin-streptavidin technology was selected to enhance the ELISA limit of detection due to the high binding affinity of biotin-streptavidin. GNP-conjugated biomolecules were selected to improve detection by ELISA. To evaluate these two methods, the early secreted antigenic target-6 (ESAT-6) from Mycobacterium tuberculosis and the anti-ESAT-6 antibody were used.
Results:
The detection limit of ESAT-6 was the same with and without GNP due to the saturation of biotin and streptavidin binding. However, higher absorbance was noticed using GNP only.
Introduction
Enzyme Linked Immunosorbent assay (ELISA) is widely used to detect antigens relating to disease using an appropriate antibody. ELISA is easier to perform, inexpensive, involves safe materials and gives accurate results. 1, 2 Many disease-causing agents are detected by ELISA, including early secreted antigenic target-6 (ESAT-6), 3 glucose levels, 4 duck tembusu virus, 5 histoplasmosis, 6 and human fetuin A. 7 Because ELISA is widely used to screen for disease, improving ELISA techniques is important to enhance the ability to detect diseases. ELISA detection limits depend on factors such as capture antibody immobilization, pH, temperature, ligand binding affinity and analyte. Importantly, surface functionalization and biomolecular interactions can help to improve the limit of detection. In the surface functionalization process, the capture and detection antibodies are important to consider because less capture antibody leads a reduction in sensitivity. Many researchers have attempted to improve ELISA detection by immobilizing higher amounts of antibodies or antigens on an ELISA plate. Antibodies and antigens can bind ELISA plates through electrostatic, chemical or physical interactions. Vashit et al. 8 improved ELISA detection by immobilizing more antibody on an ELISA plate in just one step.
On the other hand, biomolecular affinity also plays an important role in improving the detection of ELISA. In this case, the maximum binding of an analyte and ligand can be improved, increasing the limit of detection. Biotinstreptavidin technology has been effectively used to improve ELISA detection due to the strong affinity between biotin and streptavidin because it has a dissociation constant (K d ) in the femtomolar range. Biotinylated probes are generally used to tag antibodies, deoxyribonucleic acid (DNA) or peptides for subsequent detection using enzymeconjugated streptavidin. Because biotin and streptavidin interact strongly, more analyte molecules can be captured on an ELISA plate can be captured. On the other hand, nanomaterial application of the biosensor was used to improve detection and stabilize analyte molecules. Among other materials, gold nanoparticle (GNP) is a very attractive material because it easy to use and is stable. It was demonstrated that the use of various sensors, such as surface plasmon resonance (SPR), waveguide mode sensor, SPR-based Biacore and Raman spectroscopy, GNP improved the limit of detection.
9e13 Making use of the good characteristics of GNP, here, we used GNP-conjugated biomolecules to improve ELISA. A GNP conjugated primary antibody and secondary antibody as well as streptavidin-HRP (Streptavidin-Horseradish Peroxidase) were used to improve detection of the analyte. The goal is to use antibody conjugation with GNP to increase antibody capture, leading to improved analyte binding, induced high sensitive detection. GNP conjugated biomolecules are also very stable, even in crude samples, such as serum. In this work, we compared and attempted to improve the detection of biomolecules with ELISA-assisted biotin-streptavidin technology and GNP.
The model protein that was chosen for detection in ELISA is ESAT-6 from Mycobacterium tuberculosis. Tuberculosis (TB) is a life-threatening disease that damages lungs in humans. 13, 14 TB spreads very fast via air-borne droplets, and the infection is difficult to control. Different methods have been developed to detect TB, such as the tuberculin skin test, microscopic analyses or blood tests. When TB enters the bloodstream, it is difficult to detect in its earliest stages. Therefore, it is necessary to develop a novel method to detect TB during the earlier stages in bloodborne infection to avoid spreading contagion and to implement cures quickly. The method used in this study is useful for detecting different types of diseases with the use of an appropriate antibody by ELISA.
Materials and Methods

Reagents and biomolecules
ELISA plates were purchased from Becton Dickinson (France). ESAT-6 antibody and protein were purchased from Sino Biological, Inc. (China). ELISA 5X coating buffer purchased was from Biolegend. Anti-mouse ESAT-6 antibody was obtained from Santa Cruz Biotechnology (USA), anti-mouse-IgG-HRP (anti-mouse Immunoglobulin G-HRP) was obtained from Thermo-Scientific (USA), bovine serum albumin (BSA) was obtained from Promega (USA), biotinylated anti-mouse-IgG was obtained from Invitrogen (USA), streptavidin-HRP was obtained from ThermoScientific (Japan), and GNPs (10 and 80 nm) were obtained from SigmaeAldrich. The HRP substrate was obtained from Promega (USA), and the ELISA reader was obtained from R & M Chemicals (U.K.).
Preparation of GNP-biomolecule complexes
GNP-conjugated biomolecules were prepared as follows. Precisely 1 mL [one optical density, (1 OD)] of a GNP (sizes 10 or 80 nm) solution was added to 100 ml of mouse ESAT-6 antibody, anti-mouse-IgG-HRP, biotinylated anti-mouseIgG antibody or streptavidin-HRP at a 100 mg/mL concentration, and then, the mixture was stirred for 30 min at room temperature (RT). Excess antibody was removed by centrifugation at 15,000Â g for 15 min at 4 C. Uncovered areas on GNP molecules were blocked with 2% BSA, and excess BSA was removed by centrifugation. Finally, GNP-conjugated antibodies were suspended in 1 mL of phosphate-buffered saline (PBS) and stored at 4 C for further use.
Determination of GNP-conjugate stability by colourimetric assay
To determine the stability of the GNP conjugates, we used a colourimetric assay. Different concentrations of sodium chloride (NaCl) were used to determine the GNP stability. NaCl concentrations of 30, 60, 120, 250, 400, and 800 mM were mixed with GNPs, and their stability was checked based on well aggregation. Once the NaCl concentration was determined (800 mM), it was added to the 1:500 dilution of ESAT-6 antibody-GNP, anti-mouse-IgG-HRP-GNP, biotinylated anti-mouse-IgG-GNP, streptavidin-HRP-GNP, conjugated GNPs, or the control (i.e., GNPs without ESAT-6 antibody). After 10 min, photographs were taken, and the colourimetric results were obtained using a nanophotometer. A wavelength scan was performed from 400 to 700 nm, and the data were graphed using Excel.
Detection of ESAT-6 by biotin-streptavidin technology
To detect ESAT-6 by using biotin-streptavidin technology, ELISA plates were first coated with ESAT-6 (0e 500 nM, diluted in coating buffer). Next, the wells were blocked with 3% BSA before addition of the ESAT-6 antibody (1:1000). Biotinylated anti-mouse-IgG (1:1000) was added to bind the ESAT-6 antibody, and streptavidin-HRP (1:10,000) was added and resolved using the HRP-substrate to detect the presence of ESAT-6. Between each step, the wells were washed five times with washing buffer. All ELISAs were carried out at room temperature (RT). The optical density (OD) of the substrate was measured using a plate reader, and photographs were taken (using 3Â optical zoom) 15 min after the substrate was added.
Comparisons of biotin-streptavidin technologies with or without GNP
For comparison with biotin-streptavidin technologies and to determine the effect of GNP, one of the following three different methods was evaluated. For the first method, ESAT antibody-GNP was used instead of the ESAT-6 antibody. The second method used ESAT-6 antibody-GNP and biotinylated-anti-mouse-IgG-GNP instead of the ESAT-6 antibody and biotinylated anti-mouse-IgG. The third method used biotinylated anti-mouse-IgG, streptavidin-HRP, ESAT-6 antibody-GNP, biotinylated anti-mouseIgG-GNP, and streptavidin-HRP-GNP instead of the ESAT-6 antibody. These three methods were compared to conventional ELISA detection of ESAT at 250 nM. Ten nanometre (10 nm)-sized GNPs were used for all experiments. The remaining biomolecular concentrations and parameters were the same as those of conventional ELISA.
Limit of detection for ESAT-6
To determine the limit of detection of the ESAT-6 protein, we titrated from 8 nM to 250 nM. The detection limit was also compared between biotin-streptavidin technology and GNP technology. The formula used to calculate the limit of detection was: average Optical Density (Blank) e Standard Deviation (Blank).
GNP Size based improvement in ESAT-6 detection
In the previous experiments, we used 10 nm GNPconjugated biomolecules for ESAT-6 detection. To improve ELISA, we tested GNP sizes of 80 nm and 10 nm. Both 10 and 80 nm GNP-conjugated biomolecules were able to detect 250 nm ESAT-6. Therefore, 80 nm GNPconjugated biomolecules were subsequently used to check the limits of detection of ESAT-6. We next titrated the ESAT-6 concentrations to determine the detection limits under these GNP conditions and compared them to conventional ELISA. The remaining biomolecular concentrations and parameters were the same as those used for conventional ELISA.
Results
In this study, we conjugated GNPs with biomolecules to improve the detection of ESAT-6 in ELISA and compared these results from those determined using biotin-streptavidin technology. Figure 1a is the schematic representation of a biotin-streptavidin based ELISA. Three different combinations of GNP-conjugated biomolecules were compared under these conditions (Figure 1bed ). Detection of ESAT-6 by ELISA: biotin-streptavidin technology against GNP ESAT-6 protein was detected by biotin-streptavidin ELISA and compared with GNP-based ELISA. In these ELISA methods the final interactions were monitored by streptavidin-HRP. In this experiment, the effect of the biotinstreptavidin interaction was assessed for ELISA without GNPs and for the assays with 10 nm sized GNPs conjugated to the ESAT-6 antibody, biotinylated anti-mouse-IgG, or streptavidin-IgG-HRP (Figure 1) . First, we confirmed the stability of the prepared GNPs (10 and 80 nm) . The stability of the prepared ESAT-6 antibody-GNP, biotinylated antimouse-IgG-GNP, and streptavidin-IgG-GNP all exhibited excellent colourimetric stability with 800 mM NaCl. GNPconjugated molecules remained red, whereas GNPs lacking molecules turned from red to purple due to aggregation. GNPconjugated biomolecules had a maximum absorption of approximately 520 nm with dispersion, whereas when GNP aggregated, the absorbance peak appeared at a wavelength of approximately 630 nm ( Figure 2) .
Next, we assessed the ability of the three different methods for their ability to detect 250 nM ESAT-6. Compared to the biotin-streptavidin ELISA results, all three methods showed higher absorbance values for the same ESAT-6 concentrations, especially the third method (Figure 3 ), because more antibodies were able to bind GNP and thus improved ESAT-6 detection; the streptavidin-HRP Figure 2 : Stability assay of prepared GNP-conjugated biomolecules in the presence of NaCl. (a) Eighty nanometre GNPs were mixed with the appropriate protein and 800 mM NaCl. The spectrum was read and photographs were taken 15 min after NaCl was added. GNPconjugated molecules showed excellent stability with a peak at w520 nm, and they retained the original red colour. GNPs only showed aggregation at w630 nm and exhibited aggregation with a purple colour. conjugated GNP especially increased the binding of biotin and streptavidin.
Limit of detection of ESAT-6
Because GNP-conjugated biomolecules improved the detection of ESAT-6, we next titrated ESAT-6 from 8 to 250 nM to determine the limit of detection of ESAT-6 by all three methods. As shown in Figure 4 , all three methods (including the biotin-streptavidin ELISA) were able to detect as little as 8 nM ESAT-6 (Figure 4) . However, ELISA without GNP was able to detect significantly lower (1 nM) concentrations of ESAT-6 compared to assays using ESAT-6 antibody-GNP or ESAT-6 antibody-GNP and biotinylated anti-mouse-IgG-GNP. The detection of ESAT-6 at 120 and 250 nM was the same due to saturation by ESAT-6. Interestingly, streptavidin-GNP improved ESAT-6 detection for all concentrations. Saturation of ESAT-6 began at 60 nM because streptavidin-GNP-HRP has a greater chance of binding.
ESAT-6 detection improved using 80 nm GNP
For comparison, we used 80 -nm sized GNPs to generate ESAT-6 antibody-GNP, anti-mouse-IgG-GNP, biotin-anti-mouse IgG-GNP and streptavidin-HRP-GNP. First, we checked whether 250 nM ESAT-6 was detected best by 10 or 80 nm sized GNP ( Figure 5 ). Because the third method gave the best results previously, we used this method to compare the GNP sizes. As shown in Figure 5 , 80 nm GNP increased the detection limits compared to 10 nm GNP because more antibodies were able to bind the 80 nm GNP. Because 80 nm GNP gave the best results, we determined their detection limits for ESAT-6 compared to conventional ELISA. The limits of detection reached 1 nM in these experiments without GNPs; however, GNPs increased the limits of detection for all of the tested concentrations of ESAT-6 ( Figure 6 ). Compared with 10 nm GNP, 80 nm GNP increased the limit of detection using the same concentration of ESAT-6. Additionally, there was a significant increase in the limit of detection for all of the concentrations of ESAT-6 using 80 nm GNP ( Figure 6 ). : Limit of detection determined by conventional ELISA assisted by GNP based ELISA. ESAT-6 was titrated with the concentrations ranging from 0.5 to 500 nM. Graphical representation of OD with the above experiments. Limit of detection for both conventional and GNP-assisted ELISAs were similar, but the use of GNPs increased the OD for all concentrations. Eighty nanometre GNP was used in all experiments. The figure inset shows the colour change of the solution after adding the HRP substrate. As the concentration of ESAT-6 increased, he colour intensity also increased.
Discussion
ELISA is a precise detection system for a wide range of targets when the correct antibody is used. Because ELISAs can detect biomolecules in crude samples, such as serum, improving binding affinities for different biomolecules to reach maximum sensitivity can be helpful for detecting disease. Biotin-streptavidin is already widely used in many biotechnology fields due to their strong interactions; it is particularly useful in biosensor development to improve the detection of the system. Moreover, nanoparticles, such as GNP, have also been used in a similar way to improve detection. In this study, we used this commonly used technology to improve the limit of detection of ELISA. Moreover, nanoparticles have also been used for a long time as biosensors to improve the limit of detection. Among nanoparticles, GNP is a very popular particle in sensor development. ELISA combined with GNP displays improved biomolecular detection. Han et al. 18 used a GNP-conjugated detection antibody and DNA for the detection of protein; these conjugations were successfully used to simultaneously detect two different biomarkers in human serum.
The biotin-streptavidin interaction was expected to improve the limit of detection of ESAT-6 because biotin and streptavidin have a strong binding affinity with a femtomolar dissociation constant. 19 If only a small amount of biotinylated anti-mouse-IgG binds to the ESAT-6 antibody, streptavidin has a greater chance of binding ESAT-6 because streptavidin has four biotin-binding sites. Thus, ESAT-6 should be detected at even lower concentrations. Among the three methods tested, method three worked best because more antibodies were able to bind GNP and improved ESAT-6 detection, especially streptavidin-HRP conjugated GNP, which increased the binding affinity between biotin and streptavidin. Regarding sensitivity, all three methods were able to detect as little as 8 nM of ESAT-6, including biotin-streptavidin ELISA because the strong biotin-streptavidin interaction improves the sensitivity of the assay. Because 10-nm sized GNP in the above assay improved the optical density of the detection of ESAT-6, the same experiment was carried out with 80 nm GNP because we thought that more antibodies could bind 80 nm GNP. As expected there was an increased ability to detect ESAT-6 with 80 nm GNP.
The experiments described herein showed that there is no change of the limit of detection without GNP due to the saturated binding of biotin and streptavidin. Simultaneously, the visible detection of ELISA was greatly improved when biomolecules were immobilized on the GNP surface. GNPs have often been used in sensor development to enhance the detection of a given compound. For example, a mixture of an antibody with GNP or an aptamer with GNP was found to improve the limit of detection to the lower femtomolar range using a surface Plasmon-based Biacore system. 9, 11 Lakshmipriya et al. 11 found that GNP-conjugated antimouse-IgG improved the limit of detection of Factor IX protein to the low picomolar range in a SPR-based Biacore system. Gopinath et al. 20 reported that antibody-conjugated GNP improved influenza detection in the waveguide mode sensor. GNPs are also commonly used in the Ramanscattering system to detect biomolecules and in commercial detection kits (e.g., immunochromatography pregnancy test). In the present study, our GNP-assisted ELISA successfully detected ESAT-6 with a high performance typical of that of other demonstrated GNP-based assays. This strategy can be similarly used for other important targets.
21e27 Conclusions ESAT-6 is an early secreted protein by M. tuberculosis; here, we detected ESAT-6 by both conventional ELISA and GNP-assisted ELISA with appropriate antibodies. Compared with biotin-streptavidin based ELISA, GNP based ELISA improved the optical density for all concentrations of ESAT-6, but the limit of detection was found to be the same using both methods. Use of 80 nm GNP-conjugated biomolecules improved the detection of ESAT-6 compared with 10 nm. Thus, GNP-based ELISA was able to detect ESAT-6 at lower concentrations (1 nM) and is suitable for diagnosing the early stage of infection. Moreover, this strategy should be applicable to the early detection of other diseases, such as influenza and Human Immunodeficiency Virus.
